Drebrin-like protein (DBNL) is a multidomain F-actin binding protein, which also interacts with other molecules within different intracellular pathways. Here, we present quantitative measurements on size and conformation of human DBNL. Using dual focus fluorescence correlation spectroscopy, we determined the hydrodynamic radius of DBNL monomer. Native gel electrophoresis and dual color fluorescence cross-correlation spectroscopy show that both endogenous and recombinant DBNL exist as dimer under physiological conditions. We demonstrate that C-terminal truncations of DBNL downstream of the coiled-coil domain result in its oligomerization at nanomolar concentration. In contrast, the ADF-H domain alone is a monomer, which displays a concentration-dependent self-assembly. In vivo FLIM-FRET imaging shows that the presence of only actin-binding domains is not sufficient for DBNL to localize properly at actin filament inside the cell. In summary, our work provides a detailed insight on structure-function relationship of human drebrin-like protein.
Introduction
Drebrin-like protein (also known as DBNL, mAbp1, HIP-55, SH3P7, DBN-1 in Caenorhabditis elegans) is an actin-binding protein of the ADF-H family. Its amino acid sequence consists of an N-terminal ADF-H domain, followed by a coiled-coil region, a proline-rich sequence, and a C-terminal SH3 domain. The multi-domain structure of DBNL allows it to serve as an adapter protein for connecting the actin cytoskeleton to many biomolecules enabling multiple cellular functions. Its interaction with F-actin is mediated via the two actin-binding modules: an ADF-H domain and a coiled-coil region [1] [2] [3] . Besides, DBNL interacts with dynamin 1, WASP-interacting protein WIP, Piccolo, the Cdc42 guanine nucleotide exchange factor Fgd1, FHL2, and other proteins [4] [5] [6] [7] [8] . DBNL is an important player that mediates endocytosis and vesicle recycling 4, [9] [10] [11] [12] . In addition, it regulates actin dynamics during formation of dorsal ruffles 5 and podosomes 13 as well as during sarcomere contraction 3 . A re-
Hydrodynamic radius of DBNL
We utilized dual-focus FCS (2fFCS) to measure the translational diffusion coefficient of his-EmGFP-DBNL monomers in solution. This value was subsequently converted to hydrodynamic radius or radius of hydration of the protein using the Stokes-Einstein relation
where D T is the diffusion coefficient at measurement temperature T, k B is Boltzmann's constant, η is the viscosity of the solution and R H is the Stokes or hydrodynamic radius.
Thus, any change in R H of a molecule of interest is directly reflected in a change of its translational diffusion coefficient. 2fFCS, in contrast to classical FCS, is not affected by refractive index mismatch, thickness variations in glass coverslip, laser beam astigmatism, or optical saturation of the fluorescent molecules. The technique was introduced in 2007 22 and has been utilized for precise determination of diffusion coefficients of fluorescent molecules at pico-to nanomolar concentrations [23] [24] [25] . Here, we briefly outline the working principle of the technique, for details, please see 22 . A pair of interleaved pulsing lasers with orthogonal polarization are used for sample excitation. A Nomarski prism in the excitation path between the dichroic mirror and the objective lens deflects the light in a polarizationdependent manner so that after focusing through the objective two laterally shifted but overlapping excitation foci are created. The lateral distance between the foci is wavelengthdependent and has to be determined a priori by a calibration measurement with a dye or fluorescent beads with known diffusion coefficient.
This distance remains unaltered under optical saturation or aberrations, thus can be used as a "ruler" for measuring diffusion coefficients. By employing pulsed interleaved excitation (PIE) together with time-correlated single photon counting (TCSPC), one can determine which detected photon was excited by which laser and thus in which of the two laterally shifted foci. Next, we calculate the fluorescence autocorrelation function (ACF) of each focus and the cross-correlation function (CCF) between foci, and perform a diffusion coefficient global fit of the ACF and CCF using appropriate model functions 22 . For our measurements on DBNL, we used 100 pM of his-EmGFP-DBNL solution in 1x PBS (pH 7.4) and employed a commercial confocal microscope for the 2fFCS experiments. Figure 2 shows the ACFs and CCFs which were then fitted globally resulting in the following fit parameters: diffusion 
Biophysical properties of truncated DBNL
The shape of a protein is specified by non-covalent interactions between regions of its aminoacid sequence. Mutations of proteins are well known to destabilize their conformation and initiate oligomerization and even aggregation, which might cause cellular dysfunction [27] [28] [29] .
A two-stranded α-helical coiled-coil is a most common structural motif that mediates dimerization via hydrophobic and electrostatic interactions between residues 30,31 . To examine the impact of the coiled-coil domain in the dimerization of DBNL, we investigated three DBNL truncation mutants: DBNL(1-179) (truncated before coiled-coil domain), DBNL(1-256) (truncated after coiled-coil domain) and DBNL(1-374) (deleted SH3 domain), as shown in Figure 3A . The non-tagged truncated proteins were expressed in MCF7 cells under the control of a CMV promoter, and cell lysates were subjected to native gel electrophoresis and western blot analysis. Surprisingly, none of the mutated proteins displayed a monomeric or dimeric structure. Instead, they migrated through the native gel significantly slower than the full-length DBNL ( Fig. 3B) . Similarly, the native recombinant his-EmGFP-tagged truncated proteins showed smeared patterns with molecular weights larger than the full-length his-EmGFP-DBNL ( Fig. 3C and D) . These results clearly indicate that truncations of DBNL lead to a change in compaction and might induce oligomerization.
To probe oligomerization of truncated DBNL, we applied classical FCS and measured the translational diffusion times of recombinant his-EmGFP-tagged DBNL(1-179), DBNL and DBNL(1-374) at 100 picomolar and 10 nanomolar concentrations in 1x PBS buffer (pH 7.4) using a laser intensity of 10 µW. The his-EmGFP-DBNL(1-179) showed the same diffusion times at 100 pM and 10 nM concentrations ( Fig. 3E ). In contrast, diffusion times of both 6 the his-EmGFP-DBNL(1-256) and the his-EmGFP-DBNL(1-374) slowed down significantly at 10 nM compared to 100 pM concentration ( Fig. 3F and G). Thus, it can be inferred that at 10 nM concentration isolated ADF-H domain exists as a monomer, while both mutants truncated after coiled-coil domain undergo oligomerization at the same concentration. These results indicate that the coiled-coil domain mediates self-assembly, but the presence of both proline-rich and SH3 domains is essential for DBNL to maintain stable dimer conformation.
It is tempting to speculate that oligimerization of ADF-H domain of DBNL is concentrationdependent, similar to that of human cofilin, which consists of a single ADF-H domain and displays a concentration-dependent self-assembly via its C-terminal part 32, 33 .
In vivo interaction of DBNL and truncated DBNL mutants with β-actin probed with FLIM-FRET
Previously, we used atomic force microscopy to show that drebrin-like protein has a globular shape and decorates the sides of actin filaments 3 . Using an in vitro actin-binding assay, Kessels and colleagues identified two independent actin-binding modules within the structure of the mammalian DBNL: ADF-H and coiled-coil domains 1 . In a two-component in vitro system, DBNL truncated after a coiled-coil domain binds to F-actin as strong as the fulllength protein , while the isolated ADF-H domain binds with significantly reduced affinity 1 .
To probe the impact of protein conformation on its interaction with F-actin inside cells, we utilized FLIM-FRET imaging [34] [35] [36] . In 
Materials and Methods

Expression constructs
A cDNA encoding human DBNL was amplified by PCR from Human Brain Whole QUICK- 
Gel electrophoresis and western blot
Data evaluation
Calculation of intensity autocorrelation and cross-correlation curves for FCCS were done as described in 16, 17 using a custom written MATLAB routine. For FCS, fluorescence correlation curves were calculated from intensity fluctuations using the algorithm of 39 . Finally, data evaluation and fitting for 2fFCS were performed as described in 22 utilizing again custom written MATLAB routines. Fluorescence lifetime data evaluation was done using MATLAB software package for lifetime fitting as available here -https://www.joerg-enderlein.de/software. B. Western blot analysis of DBNL in MCF7 cells transfected with full-length DBNL or its truncation mutants, indicated in A, and in non-transfected cells (nt). Denatured or native proteins were separated by 12% Bis-Tris or 10% Tris-Glycin gel electrophoresis respectively, transferred onto a PVDF membrane and stained with anti-human DBNL antibodies. Molecular mass markers in kDa are indicated on the left. The low-intensity bands indicated by arrowheads are of endogenous DBNL. The weak signal of DBNL(1-179) is due to the reduced number of binding sites for the polyclonal antibodies. C. Schematic representation of recombinant his-EmGFP-tagged full-length DBNL and its truncated mutants: DBNL(1-179), DBNL(1-256) and DBNL(1-374). D. Denatured or native proteins, indicated in C, were separated by 12% Bis-Tris or 10% Tris-Glycin gel electrophoresis respectively and stained with Roti ® -Blue quick. Molecular mass markers in kDa are indicated on the left. E-G. FCS measurements on DBNL truncated at three different positions. E Normalized fluorescence autocorrelation of his-EmGFP-DBNL(1-179). Autocorrelation curves for 100 pM and 10 nM solutions of the protein are represented by red and blue, respectively. As can be seen, there is negligible difference in diffusion timescales for 100 pM and 10 nM. F. The same for his-EmGFP-DBNL(1-256). Diffusion speed slows down for 10 nM (blue) compared to 100 pM protein concentration (red). G. The same for his-EmGFP-DBNL . Protein oligomerization leads to slower diffusion at 10 nM (blue) relative to 100 pM (red) protein concentration. 23
